HEAT  TREATMENT  OF    HIGH-TEMPERATURE    MERCURIAL 

THERMOMETERS. 


By  Hobert  C.  Dickinson. 


The  ease  with  which  mercurial  thermometers  can  be  used,  their 
comparative  simplicity  and  small  cost,  and  the  convenience  of  a 
direct  reading  temperature  scale  have  led  to  the  extension  of  their 
use  to  temperatures  so  high  that  the  ordinary  methods  and  precau- 
tions are  insufficient.  The  apparent  simplicity  of  the  instrument 
often  seems  to  hide  the  real  sources  of  error. 

Measurement  of  temperature,  with  greater  or  less  accuracy,  plays 
an  important  part  in  so  many  physical  and  chemical  operations,  both 
scientific  and  industrial,  that  not  every  user  of  a  thermometer  can 
be  expected  to  be  familiar  with  the  peculiar  properties  of  different 
kinds  of  glass  and  the  various  changes  which  may  take  place  in 
them.  If,  however,  it  becomes  necessary  to  determine  with  any 
approach  to  accuracy  temperatures  higher  than  about  300°  C.  (Cen- 
tigrade degrees  will  be  understood  throughout  this  paper  unless 
otherwise  specified),  special  precautions  must  be  taken,  and  a  knowl- 
edge of  some  of  the  thermal  properties  of  glass  at  high  temperatures 
is  desirable. 

The  precision  attainable  with  mercurial  thermometers  at  high 
temperatures  is  so  largely  determined  by  conditions  of  use  that  no 
definite  limits  can  be  assigned,  but  it  may  be  said  that  to  determine 
a  temperature  absolutely  to  within  one  degree  at  450°  requires  con- 
siderable care.  A  thermometer  may,  however,  repeat  its  readings 
more  closely  than  one  degree. 

Great  changes  in  indications  may  arise  from  continued  use  at 
high  temperatures,  even  in  thermometers  which  are  properly  made. 
These  changes  may  generally  be  determined  and  proper  corrections 
applied  unless  the  glass  is  unsuitable  or  the  instrument  is  not  well 

made. 
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1.   CONSTRUCTION   OF  HIGH-TEMPERATURE  MERCURIAL   THERMOMETERS. 

Of  the  several  kinds  of  glass  commonly  in  use  for  thermometers, 
four  are  suitable  for  high-grade  instruments.  These  are  French  hard 
glass  ("verre  dur"),  Jena  16"^  or  ^'Normal"  glass,  Jena  59"^  boro- 
silicate  thermometer  glass,  and  Greiner  and  Friedrichs  "  Resistenz- 
glas."  Of  these  four  the  first  two  are  not  suited  for  use  at 
temperatures  much  above  450°  (840°  F.).  The  Jena  16"^  glass  is 
more  generally  used  in  this  country  either  for  the  whole  thermom- 
eter or  for  the  bulb  alone  with  a  stem  of  some  other  glass.  Jena 
16"^  glass  cracks  easily  from  sudden  changes  of  temperature  or  even 
with  no  apparent  cause.  This  tendency,  however,  has  not  been 
observed  in  the  bulbs.  Above  450°  it  is  necessary  to  use  a  harder 
glass.  The  one  most  used  in  this  country  seems  to  be  the  Jena 
59^"  borosilicate  thermometer  glass.  The  firm  of  Schott  and  Genos- 
sen,  makers  of  the  Jena  glasses,  has  also  developed  other  glasses 
(notably  122"^)  suitable  for  high-range  thermometers,  but  which 
have  not  yet  come  into  general  use.  Thermometers  are  made  from 
the  59"^  borosilicate  thermometer  glass  with  scales  running  up  to 
550°,  but  experience  has  shown  that  they  can  not  be  used  at  this 
temperature  continuously  without  undergoing  great  changes  of  the 
"ice  point." ^  In  fact,  it  is  not  safe  to  go  above  530°  for  any  great 
length  of  time. 

When  mercurial  thermometers  are  used  at  high  temperatures,  some 
means  must  be  provided  to  prevent  distillation  or  boiling  of  the 
mercury.  Even  at  100°,  if  the  top  of  the  mercury  column  is  heated 
and  the  tube  above  it  is  cool,  particles  of  mercury  collect  slowly  in 
the  cooler  parts  of  the  stem.  To  prevent  this  below  200°  it  suffices 
to  keep  the  top  of  the  mercury  column  cool  or  the  whole  of  the  stem 
heated;  but  if  the  temperature  is  much  in  excess  of  200°  (390°  F.), 
mercury  will  begin  to  boil  in  a  thermometer  sealed  free  from  air 
if  the  top  of  the  stem  is  cool.  Boiling  can  be  prevented  at  any 
temperature  by  filling  the  upper  part  of  the  stem  with  gas  under 
sufficient  pressure.  The  pressure  required  at  400°  is  about  two 
atmospheres,  at  550°  twenty  atmospheres,  and  at  750°  sixty  atmos- 
pheres.    Two  methods  are  in  use  for  producing  the  necessary  pres- 

^The  term  "ice  point"  is  used  to  designate  the  reading  on  the  thermometer 
immersed  in  melting  ice,  in  place  of  the  more  ambiguous  term  "zero." 
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sure.  These  may  for  convenience  be  called  the  small  upper  bulb 
and  the  large  upper  bulb  methods.  The  first  is  to  make  a  very 
small  bulb  at  the  end  of  the  tube  or  to  leave  a  portion  of  the  capil- 
lary at  the  end  of  the  scale,  and  seal  off  at  atmospheric  pressure  with 
the  mercury  standing  at  some  lower  point,  say  0°.  Evidently,  if 
the  size  of  the  upper  bulb  is  properly  chosen  the  mercury  on  rising 
will  compress  the  contained  gas,  increasing  the  pressure  sufficiently 
to  prevent  boiling  at  all  temperatures  on  the  scale.  It  is  not  suffi- 
cient that  the  pressure  be  enough  to  prevent  boiling  at  the  highest 
points,  but  it  must  be  determined  for  intermediate  points  as  well. 
It  might  be  too  low  at  450°  and  more  than  high  enough  at  550°. 

The  large  upper  bulb  method  has  some  marked  advantages,  though 
it  is  more  difficult  of  application.  In  this  method  the  end  of  the 
stem  is  provided  with  an  auxiliary  bulb  or  reservoir  which  is  large 
in  proportion  to  the  volume  of  the  stem  itself,  say  twenty  times  the 
internal  volume  above  zero  degrees.  This  bulb  is  then  filled  with 
some  suitable  gas  under  sufficient  pressure  to  prevent  boiling  of  the 
mercury  at  the  highest  points  on  the  scale.  To  seal  off  the  top 
under  pressure  a  little  shellac  or  fusible  metal  is  placed  in  a  small 
tube  connecting  with  the  auxiliary  bulb  and  is  heated  so  that  it 
flows  down  and  seals  up  the  small  tube  while  still  under  pressure. 
The  pressure  may  then  be  removed  from  the  outside  and  the  glass 
tube  sealed  off  beyond  the  shellac  in  the  ordinary  way. 

When  the  small  upper  bulb  is  used,  the  internal  pressure  increases 
rapidly  as  the  temperature  rises,  depressing  the  readings  of  the  ther- 
mometer. These  variations  will  not  have  the  same  value  in  different 
instruments.  When  the  large  upper  bulb  is  used,  the  pressure  being 
nearly  the  same  at  all  parts  of  the  scale,  the  pressure  correction  is 
nearly  a  constant  for  any  given  instrument  and  does  not  affect  the 
temperature  scale  defined  by  it.  For  filling  the  upper  bulbs  of  high- 
temperature  thermometers  some  inert  gas,  such  as  nitrogen  or  car- 
bon dioxide,  should  be  used  free  from  moisture.  If  air  is  present,  the 
mercury  soon  oxidizes  and  clings  to  the  walls  of  the  capillary.  The 
use  of  pure  mercury  is  also  important. 

The  scale  of  temperature  now  in  almost  universal  use  is  that  of 
the  hydrogen-gas  thermometer,  the  degree  Centigrade  being  defined 
as  the  one  one-hundredth  part  of  the  change  in  pressure  of  a  con- 
stant volume  of  hydrogen  gas  when  its  temperature  is  changed 
29572—06 3 


192 


Bulletin  of  the  Bureau  of  Standards. 


[  Vol.  2,  No. 


between  that  of  melting  pure  ice  and  that  of  steam  from  boiling  pure 
water,  the  initial  pressure  of  the  gas  at  0°  being  100  cm  of  mercury, 
all  under  standard  conditions.  Above  100°  the  degree  is  similarly 
defined  on  the  nitrogen-gas  thermometer  (see  Bureau  of  Standards 
Circular  No.  8).  A  mercurial  thermometer  may  be  graduated  to 
define  a  temperature  scale  of  its  own,  dependent  only  on  the  proper- 
ties of  mercury  and  the  particular  sample  of  glass.  The  conditions 
for  such  a  thermometer  are  that  the  degree  shall  be  represented  by 
one  one-hundredth  of  the  volume  of  the  stem  contained  between  the 
readings  at  the  melting  point  of  ice  and  the  steam  point  of  water 
under  standard  conditions,  and  that  the  scale  shall  be  extended  in 
degrees  of  the  same  volume.  Such  a  thermometer  made  from  59111 
borosilicate  glass  defines  a  scale  of  temperature  differing  from  the 
scale  of  the  gas  thermometer  by  amounts  given  below.  ^ 

TABLE  I. 


Variation  from  the  Gas  Scale  for  a  Thermometer  of  Jena  59^'^^  Glass. 


t 

T 

t 

T 

0° 

0 

375° 

385.4 

100° 

100 

400° 

412.3 

200° 

200.7 

425° 

440.7 

300° 

304.1 

450° 

469.1 

325° 

330.9 

475° 

498.0 

350° 

358.1 

500° 

527.8 

where  "/"  represents  temperature  on  the  scale  of  the  gas  thermome- 
ter and  "  7""  the  corresponding  reading  on  the  glass  thermometer 
as  defined  above.  For  Jena  16"^  glass  thermometers  the  variation 
from  the  gas  scale  is  represented  by  Table  11.^ 

Thus,  if  a  thermometer  is  intended  to  read  true  gas  scale  tempera- 
tures, either  the  length  of  a  degree  must  be  changed  at  the  higher 
points,  as  is  generally  done  in  working  standards,  or  proper  correc- 
tions must  be  applied.  Toward  the  end  of  this  paper  a  method  is 
outlined  for  graduating  a  thermometer  to  read  gas  scale  temperature. 

'^Mahlke:  Zs.  fiir  Instrumentenkunde,   15,  p.   178;  1895.     Griitzmacher:  Zs.   fiir 
Instrumentenkunde,  15,  p.  250,  1895. 
^Wiebe  und  Bottcher:  Zs.  fiir  Instrumentenkunde,  10,  p.  245;  1890. 
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TABLE  II. 

Variation  from  the  Gas  Scale  for  a  Thermometer  of  Jena  16^^^  Glass. 
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t 

T 

t 

T 

0° 

0 

240° 

240.46 

100° 

100.00 

260° 

260.83 

150° 

149.90 

280° 

281.33 

200° 

200.04 

300° 

301.96 

220° 

220.21 

2.  CHANGES  IN  MERCURIAL  THERMOMETERS. 

If  a  thermometer  be  made  with  all  the  above  precautions  (i.  e., 
proper  kind  of  glass,  pure  mercury,  and  sufficient  pressure  of  a  neu- 
tral gas  to  prevent  boiling)  and  so  calibrated  or  corrected  that  it 
reads  true  gas  scale  temperatures  at  all  points,  there  are  a  number 
of  changes  which  will  occur  in  the  instrument  due  to  lapse  of  time 
and  conditions  of  use.  These  changes  which  take  place,  due  to  the 
physical  properties  of  glass,  are  of  two  apparently  distinct  kinds: 
(i)  After  a  thermometer  is  newly  made  there  takes  place  a  slow, 
permanent  contraction  of  the  bulb  and  stem  which  renders  all  the 
readings  higher.  This  contraction  is  more  rapid  as  the  temperature 
is  higher  and  may  even  raise  the  ice  point  several  degrees  per  hour. 
(2)  All  thermometers  show  changes  which  are  temporary  in  char- 
acter. Thus,  when  a  thermometer,  after  remaining  for  a  long  time 
at  room  temperature,  is  heated  to  100°,  the  ice-point  reading  after 
this  heating  will  be  found  lower  than  before,  but  this  "depression" 
disappears  in  time  if  the  thermometer  is  again  kept  at  room  tem- 
perature. In  new  thermometers  the  rise  of  the  ice  point  may  be 
sufficient  to  entirely  hide  this  "depression."  Thus,  there  seems  to 
be  a  position  of  the  ice  point  corresponding  to  each  temperature. 
In  thermometers  of  the  better  glasses,  as  those  mentioned  above,  this 
position  is  reached  in  a  minimum  time.  In  general  the  time  required 
to  reach  equilibrium  when  the  temperature  is  raised  is  very  small 
compared  with  the  time  required  to  reach  equilibrium  on  lowermg 
the  temperature.  For  example,  if  a  thermometer  of  "  verre  dur,"  or 
French  hard  glass,  has  been  maintained  at  0°  until  its  ice  point  has 
reached  its  final  position  and  is  then  heated  to  100°,  the  position  of 
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the  steam  point  (or  in  other  words  the  equilibrium  condition  of  the 
glass)  will  be  reached  in  ten  minutes  or  less  and  the  reading  in  ice 
after  this  heating  will  be  about  o?i  lower  than  before.  But  if  now 
the  thermometer  be  kept  at  0°  this  depression  will  not  entirely  dis- 
appear for  weeks.  This  is  one  reason  why  all  thermometers  should 
be  made  with  the  ice  point  included  on  the  scale,  so  that  these 
changes  may  be  easily  detected.  For  any  of  the  glasses  mentioned 
above  these  temporary  changes  of  the  ice  point  are  comparatively 
small.  T/ie  depression  for  100^  ^  i.  e.,  the  difference  in  the  ice-point 
reading  taken  after  a  long  time  at  0°  and  immediately  after  100°,  is 
as  follows: 

TABLE  III. 

Value  of  Depression  Constant. 

"  Verre  dur  "  glass o?io  to  o?o7 

Jena  59"^  glass o?02 

Jena  16"^  glass o?o7  to  o?o5 

Permanent  changes  of  the  first  kind  are,  however,  large  in  all 
glasses,  reaching  in  some  cases  a  total  of  30°  or  40°.  They  may 
affect  the  readings  of  a  thermometer  in  four  different  ways:  (i)  The 
position  of  the  fixed  points  of  the  scale,  as  the  ice  point  and  the 
steam  point,  may  change.  (2)  The  "fundamental  interval"  (the 
number  of  degrees  of  the  scale  comprised  between  the  temperature 
of  melting  ice  and  that  of  steam  from  water  boiling  at  normal  pres- 
sure) may  change.  (3)  The  calibration  corrections  may  change, 
i.  e.,  the  volume  of  the  capillary  stem  per  unit  length  may  change 
by  different  amounts  at  different  parts  of  the  scale.  (4)  The  tem- 
perature scale  as  defined  by  the  mercury-in-glass  thermometer  may 
change  relatively  to  the  scale  of  the  gas  thermometer.  The  last 
two  of  these  effects  are  so  small  that  it  is  a  question  whether  they 
can  be  determined  in  ordinary  cases.  Changes  of  the  fixed  points 
and  the  fundamental  interval,  on  the  other  hand,  are  large,  and  it 
is  necessary  to  take  account  of  them. 

Change  in  the  fundamental  interval  may  be  due  either  to  change 
in  the  volume  of  the  capillary  or  change  in  the  coefficient  of  expan- 
sion of  the  bulb.  Apparently,  both  of  these  effects  take  place  simul- 
taneously, for,  since  the  volume  of  the  stem  between  0°  and  100*^  is 
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about  one-sixtietli  the  volume  of  the  bulb,  if  we  assume  that  the 
same  changes  of  volume  take  place  in  the  stem  as  in  the  bulb  the 
variation  in  the  fundamental  interval  should  be  about  one-sixtieth 
of  the  change  in  the  position  of  the  ice  point.  But,  as  will  be  seen 
from  results  which  follow,  the  fundamental  interval  changes  from 
two  to  three  times  that  amount.  For  example,  if  the  position  of 
the  ice  point  has  changed  from  0°  to  3°,  the  steam  point  will  prob- 
ably have  changed  from  100°  to  103?!.  Thus,  the  fundamental 
interval  has  changed  from  100°  to  ioo?i,  i.  e.,  the  change  has  been 
I  30  that  of  the  ice  point  and  not  1/60,  as  might  be  expected. 

The  position  of  the  ice  point  can  change  only  on  account  of  a 
change  in  the  volume  of  the  bulb  or  of  the  scale  below  the  ice 
point.  These  changes  are  of  far  greater  magnitude  than  any  of  the 
others,  but  fortunately  they  are  the  most  easily  determined  and 
allowed  for.  One  object  of  the  present  investigation  is  to  deter- 
mine the  nature  of  the  changes  in  various  kinds  of  glass  and  to 
point  out  methods  by  which  they  can  be  rendered  as  small  as 
possible. 

It  has  long  been  known  that  the  position  of  the  ice  point  of  mer- 
curial thermometers  may  be  rendered  more  permanent  by  continued 
heating  at  high  temperatures,  and  some  annealing  or  artificial  aging 
process  is  often  carried  out  in  their  manufacture.  In  1837  Des- 
pertez*  made  a  statement  of  the  general  theory  as  follows:  When- 
ever the  molecules  of  a  solid  body  suffer  a  displacement  from  a 
mechanical  cause,  as  pressure,  tension,  or  torsion,  or  from  a  phys- 
ical cause,  such  as  raising  or  lowering  of  temperature,  they  do  not 
exactly  return  to  their  original  state  when  the  force  is  removed — 
that  is  to  say,  if  the  volume  has  been  diminished  or  increased  more 
or  less  by  any  force  whatever  it  remains  diminished  or  increased  for 
a  greater  or  less  length  of  time  after  the  force  has  ceased  to  act. 
Person^  was  apparently  the  first  to  try  annealing  thermometers,  both 
with  and  without  internal  pressure  and  he  carried  his  temperatures 
higher  than  had  been  previously  done.  He  found  that  the  ice 
points  rose  as  much  as  17? 2  and  suggested  prolonged  annealing  as 
the  remedy  foi   all   the  defects  of  glass  thermometers.      His  work, 

*Guillaume.  Traite  Practique  de  la  Thermometrie  de  Precision,  p.  138. 
'•  Person    Comptes  Rendus,  19,  p.  1314;  1844. 
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however,  was  not  carried  very  far,  and  he  supposed  that  long  anneal- 
ing would  do  away  with  the  temporary  as  well  as  the  permanent 
changes  due  to  heating.  Long  annealing  does  not,  however,  elimi- 
nate the  temporary  changes.  Kohlrausch  ^  showed  that  the  recov- 
ery of  the  equilibrium  condition  in  glass  is  much  more  rapid  at 
higher  temperatures.  Crafts'  made  a  rather  extended  series  of 
observations  on  eight  thermometers,  tour  of  which  were  of  French 
cr3^stal  and  four  of  a  lead-free  soda  glass.  His  observations  extended 
over  a  period  of  about  nine  months  and  the  conclusions  were  as  fol- 
lows: (i)  Ice  points  of  thermometers  of  French  crystal  rise  more, 
and  more  rapidly,  than  those  of  lead-free  soda  glass.  (2)  Rise  of 
the  ice  point  is  more  rapid  at  first  and  probably  tends  toward  con- 
stancy for  a  given  temperature.  (3)  An  ice  point  which  is  raised 
by  long  heating  remains  raised  after  cooling  and  the  effect  of  the 
long  heating  is  to  render  the  ice  point  more  stable  for  all  lower 
temperatures.  The  numerical  results  are  of  little  importance.  In 
another  paper  this  author  records  some  experiments  with  a  large 
glass  balloon  showing  that  at  511°  internal  pressure  does  not  affect 
the  annealing  changes.  He  here  makes  application  of  the  above 
theory  of  Despertez  to  explain  both  the  temporary  depression  and 
the  permanent  rise  of  the  ice  point  thus,  when  a  thermometer  is 
made  up  before  the  blowpipe  great  strains  arise  in  the  glass.  As 
the  glass  cools  quickly  from  the  very  high  temperature  used  in 
blowing,  the  residual  strains  are  large  and  do  not  disappear  for  an 
indefinite  time  at  ordinary  temperatures,  but  if  the  temperature  is 
raised  these  strains  begin  to  be  relieved  with  the  result  that  the 
bulb  contracts,  raising  the  ice  point.  If  now  this  heating  be  main- 
tained long  enough,  all  the  previous  strains  may  have  disappeared, 
but  if  cooling  takes  place  rapidly  from  this  lower  temperature  of, 
say,  400°  there  will  be  residual  strains  corresponding  to  400'^  which 
will  disappear  slowly  at  ordinary  temperatures.  If  aJl  these  strains 
have  had  sufficient  time  to  disappear,  the  glass  will  be  free  from 
strains  or  in  equilibrium  at  ordinary  temperatures.  Upon  heating 
to,  say,  100°,  and  cooling  quickly,  it  will  retain  strains  correspond- 
ing to   100°   and  the  position  of  the   ice  point  will   be  lower  after 

^Kohlrausch:  Pogg    Annal.  der  Physik,  127,  p.  4,   1866 

^Crafts:  Comptes  Rendus,  91,  pp.  291,  370,  413,  1880,  94,  p,  1298,   1882. 
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heating  to  100°  than  it  was  before.  Thus  both  these  apparently 
opposite  variations  in  the  position  of  the  fixed  points  of  a  thermom- 
eter are  referred  to  the  same  class  of  strains  in  the  glass.  Crafts 
also  noted  changes   in  the  fundamental   interval  due  to  annealing.^ 

The  work  of  these  experimenters  had  solved  some  of  the  vexed 
questions  in  regard  to  the  thermal  properties  of  glass.  (i)  For 
every  temperature  there  seemed  to  be  a  definite  equilibrium  condi- 
tion, which  a  given  sample  of  glass  tends  to  assume  more  or  less 
rapidly,  depending  upon  the  temperature,  the  previous  history  of 
the  sample,  and  its  chemical  composition.  (2)  In  general  the  equi- 
librium condition  follows  much  more  rapidly  a  rising  than  a  falling 
temperature,  but  it  takes  place  more  quickly  when  the  temperature 
is  higher.  (3)  Long  heating  at  higher  temperatures  renders  the  ice 
point  more  constant  at  lower  temperatures.  (4)  The  coefficient  of 
expansion  of  glass  is  affected  by  its  state  of  internal  strains,  being 
less  by  as  much  as  3  per  cent  for  glass  which  is  nearly  free  from 
strains  than  for  glass  which  has  been  rapidly  cooled.  (5)  Equilib- 
rium conditions  corresponding  to  small  changes  of  temperature 
may  occur  without  materially  affecting  the  slow  assumption  of  the 
equilibrium  condition  after  more  marked  temperature  changes. 

With  the  above  conclusions  as  a  working  basis  a  number  of  experi- 
ments have  been  carried  out  by  different  observers  to  gain  a  better 
knowledge  of  the  peculiarities  of  different  kinds  of  glass,  to  deter- 
mine the  magnitude  of  the  changes  in  different  samples  and  particu- 
larly to  determine  what  kinds  of  glass  best  meet  the  requirements  of 
the  thermometer  manufacturer ;  and  a  number  of  special  thermome- 
ter glasses  have  been  developed. 

In  1883  Weber®  published  the  results  of  an  investigation  of  the 
effect  of  chemical  composition  on  the  depression  constant.  He  con- 
cluded that  the  chemical  composition  had  a  marked  effect  on  the 
depression  constant, ^^  that  the  softer  kinds  of  glass  were  unsuitable 
for  thermometers,  and  that  the  best  results  were  obtained  with  a  pure 
potassium  glass  containing  large  percentages  of  silicon  and  calcium. 
Wiebe  ^^  (1886)  showed  that  the  depression  constant  is  greatest  when 

^  See  also  Fernet:  Comptes  Rendus,  91,  p.  471;   1880. 

^Ber.  K.  Akad.  der  Wissenschaften,  13,  p.  1233;   1883. 
^0  See  Table  III. 
^^  Zs.  fiir  Instrumentenkunde,  6,  p.  167;   1886,  or   "Jenaer  Glas"  b}^  H.  Hovestadt. 
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equal  percentages  of  NagO  and  KgO  are  present  in  the  glass;  that  it 
is  nearly  the  same,  regardless  of  which  is  present  in  the  greater 
quantity,  provided  the  ratio  of  one  to  the  other  is  numerically  the 
same,  and  that  it  is  least  when  KgO  only  is  present.  The  other  con- 
stituents seem  to  have  only  a  small  effect  on  the  depression  constant. 

Another  series  of  experiments  by  Wiebe^^  on  a  number  of  ther- 
mometers of  different  kinds  of  glass  led  to  the  same  general  conclu- 
sions as  those  quoted  above  from  Crafts.  He  also  found  that  the 
glasses  which  show  the  smaller  depression  constant  show  the 
smaller  rise  of  the  ice  point  on  heating.  In  a  later  paper  he  gives 
the  results  of  some  further  experiments  on  five  Jena  16"^  glass 
thermometers.  On  heating  to  500°  these  thermometers  showed  a 
marked  permanent  depression  of  the  ice  point  due  to  enlargement 
of  the  bulbs  under  internal  pressure,  as  the  glass  softens  at  that 
temperature. 

Schott  (1891)^^  made  an  investigation  to  determine  the  tempera- 
tures at  which  different  kinds  of  glass  begin  to  soften.  His  obser- 
vations were  made  on  short  pieces  of  rod  ground  plane  at  the  ends 
and  observed  between  crossed  nicol  prisms,  the  number  of  diffrac- 
tion bands  indicating  the  condition  of  strain.  These  samples  had 
been  first  rapidly  cooled,  so  that  the  strains  were  large.  The  tem- 
perature at  which  the  Jena  16"^  glass  began  to  show  unmistakable 
signs  of  softening  was  400°  and  that  at  which  the  59"^  glass  showed 
softening  was  430°,  although  these  glasses  can  be  used  for  ther- 
mometers with  from  four  to  twenty  atmospheres  internal  pressure 
at  450°  and  530°,  respectively,  without  showing  any  increase  in  the 
volume  of  the  bulb.  This  author  describes  a  method  of  rendering 
the  strains  in  the  glass  visible.  A  rod  of  glass  is  surrounded  by  a 
liquid  of  the  same  index  of  refraction  in  a  vessel  with  plate-glass 
sides.  By  examining  this  rod  in  polarized  light  the  condition  of 
strain  is  indicated  by  the  number  of  diffraction  bands  which  appear. 
A  sample  of  Jena  59"^  glass  which  showed  innumerable  bands 
before  heating,  after  four  days  at  445°  showed  only  four.  The 
author  shows  also  that  slow  cooling  of  a  thermometer  renders  its 
subsequent  changes  smaller. 

^^  Wiebe:  Zs.  fiir  Instrumentenkunde,  8,  p.  373;  1898;  also  10,  p.  207,  1890. 
^^  Schott:  Zs.  fur  Instrumentenkunde,  11,  p.  330,  1891. 
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In  Winkelmann's  Handbuch  der  Physik  (Vol.  II2,  pp.  29-33,  62), 
there  is  given  a  resume  of  some  of  the  important  work  done  on 
the  thermal  properties  of  glass,  and  "  Jenaer  Glas,"  by  Hovestadt, 
gives  a  rather  complete  outline  of  most  of  the  experimental  work 
on  the  subject. 

3.  OUTLINE  OF  THE  PRESENT  INVESTIGATION. 

Although  considerable  work  has  been  done  on  the  thermal  prop- 
erties of  glass  and  valuable  conclusions  have  been  reached,  most  of 
the  data  obtainable  are  contained  in  scattered  papers,  few  of  them 
in  English.  The  demand  for  information  on  this  subject  from  a 
practical  point  of  view  as  well  as  the  hope  of  answering  more  fully 
some  questions  regarding  the  behavior  of  glass  at  high  temperatures 
led  to  the  present  investigation.  Some  of  the  questions  for  which 
more  definite  answers  are  desirable  are  as  follows: 

(a)  How  rapidly  does  the  ice  point  rise  at  different  temperatures? 

(U)  How  does  this  rate  of  rise  change  with  time? 

{c)  What  is  the  effect  of  slow  and  of  rapid  cooling? 

id)  What  is  the  effect  of  short  periods  of  heating? 

{e)  What  process  of  heating  will  render  the  ice  point  sufficiently 
constant  for  different  kinds  of  glass? 

(y)  Can  the  annealing  temperature  be  lower  if  the  thermometer 
is  to  be  used  only  at  moderate  heat? 

(cf)  What  relation  exists  between  changes  in  the  fundamental 
interval  and  those  of  the  ice  point? 

(Ji)  Does  the  use  of  a  different  kind  of  glass,  having  inferior  ther- 
mal properties,  for  the  stem  of  a  thermometer  introduce  any  signifi- 
cant errors? 

(z)  Does  the  absence  of  pressure  and  mercury  from  the  bulb  of  a 
thermometer  during  annealing  affect  its  changes  of  volume? 

The  length  of  time  covered  by  some  of  the  following  series  of 
observations  is  far  greater  than  in  previous  investigations. 

4.  APPARATUS. 

Fifteen  special  thermometers  (Fig.  i)  were  obtained  in  three 
different  sets.  The  first  set  consists  of  four  thermometers,  three 
entirely  of  Jena  16"^  glass  and  the  fourth  having  a  bulb  of 
this  glass  joined  to  a  stem  of  ordinary  soft  glass.      The  numbers  of 
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these  thermometers  are  as  follows:  G.  3689,  3690,  3691,  and  3692. 
During  the  various  operations  all  these  except  G.  3692,  which  has  a 
soft  glass  stem,  developed  surface  cracks  and  finally  broke.  The 
scales  of  all  these  thermometers  consist  of  a  portion  of  some  30°, 
10°  below  and  20°  above  the  0°  point,  and  the  same  at  the  100°  point 
separated  by  an  auxiliary  reservoir.  Also,  about  the  same  length 
of  scale  is  provided  at  the  200°  point,  with  a  continuous  scale  from 
300°  to  460°  divided  into  single  degrees.  The  second  set  of  seven 
thermometers,  Nos.  G.  4279,  4280,  4281,  4282,  4290,  4291,  and 
4292,  by  the  same  maker,  graduated  in  half  degrees,  consists  of  four 
having  bulbs  at  the  top  large  enough  to  contain  all  the  mercury  and 
having  a  scale  covering  about  30°  above  the  0°  and  above  the  100° 
points,  and  three  thermometers  with  scales  running  from  0°  to  35°, 
from  100°  to  135°,  and  from  400°  to  470°.     Two  of  the  form.er  and 
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NOS.    55332-33-34-35-36. 

Fig.  1. — Experimental  Thermometers. 

one  of  the  latter  have  soft  glass  stems.  The  other  four  are  of  Jena 
16"^  glass  throughout.  The  third  set  consists  of  four  thermome- 
ters of  Jena  59"^  glass,  graduated  in  single  degrees  and  having 
scales  covering  a  few  degrees  at  0°,  at  100°,  and  a  continuous  scale 
from  350°  to  550°.  In  addition  to  the  four  thermometers  of  this 
set,  the  makers  kindly  loaned  us  two  others  of  the  same  construc- 
tion to  be  subjected  to  the  same  treatment.  These  six  are  num- 
bered T.  55332,  S52>2>2>^  55334,  55335,  5533^,  and  55337.  In  regard 
to  all  these  instruments  it  was  specifically  required  that  the  maker 
should  not  subject  them  to  any  process  of  aging,  but  where  it  was 
necessary  to  point  the  scale  at  higher  temperatures  some  heating 
apparently  was  resorted  to.  The  results  of  the  experiments  clearly 
show  the  effect  of  this  heating. 
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It  was  necessary  to  provide  some  means  for  maintaining  high 
temperatures  with  fair  constancy  for  long  periods  of  time  without 
undue  attention.  The  annealing  oven,  which  has  been  used  for  all 
the  experiments  of  long  duration  and  which  is  shown  in  Fig.  2,  was 
built  in  the  instrument  shop  of  the  Bureau  of  Standards  and  is  of  a 
simple  form.  A  brass  tube  about  3  cm  in  diameter  was  selected  to 
contain  seven  smaller  tubes  each  large  enough  to  hold  a  single 
thermometer.  The  larger  tube  was  covered  with  a  double  layer  of 
thin  mica  and  wound  with  a  double  spiral  of  "Advance"  resistance 
wire,  No.  24  B.  &  S.  The  total  number  of  turns  of  wire  is  240, 
having  a  total  resistance  of  about  60  ohms.  With  this  arrangement 
three  different  heating  combinations  are  possible.  The  two  coils 
joined  in  series  give  a  resistance  of  60  ohms,  either  coil  alone  a  resis- 
tance of  30  ohms,  or  the  two  in  parallel  a  resistance  of  15  ohms. 
It  has  been  found  that  sufficient  heat  is  produced  with  the  coils 
connected  in  series  directly  to  the  lighting  circuit  of  120  volts  to 
maintain  the  highest  temperatures  used,  i.  e.,  550°.  The  other 
arrangements  are  made  use  of  only  when  it  is  desired  to  raise  the 
temperature  rapidly.  Care  was  taken  to  adjust  the  winding  so  that 
the  temperature  should  be  as  nearly  uniform  as  possible  throughout 
the  length  of  the  oven.  The  brass  tubes  are  about  60  cm  long  and 
are  surrounded  with  a  packing  of  magnesia  and  asbestos  in  a  Russia 
iron  cylinder  about  16  cm  in  diameter  and  75  cm  long.  With  rea- 
sonable constancy  of  the  lighting  circuit  the  changes  of  tempera- 
ture are  only  10°  or  15°  at  the  most.  About  100  watts  will  main- 
tain 400°  in  this  oven  as  it  is  arranged.  A  rheostat  of  80  ohms 
resistance  in  steps  of  10  ohms  each  is  used  in  connection  with  a  10- 
ohm  adjustable  dial  rheostat.  In  this  way  any  desired  temperature 
from  150°  to  550°  may  be  maintained.  The  accompanying  cut 
(Fig.  2)  shows  a  double-pole,  double-throw  switch  connected  up  so 
as  to  throw  the  two  portions  of  the  heating  coil   in  parallel   or   in 

series  at  will. 

5.  OBSERVATIONS. 

The  procedure  in  all  the  observations  was  to  determine  the  read- 
ings of  the  thermometers  in  ice,  then  place  those  to  be  tested  in  the 
annealing  oven,  noting  the  time  and  temperature.  After  the  desired 
length  of  time  they  were  removed  from  the  oven  and  the  readings 
in  ice  taken  as  quickly  as  possible,  except  in  cases  where  it  was 
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desired  to  have  cooling  take  place  slowly.  In  these  cases  the  oven 
was  allowed  to  cool  down  by  gradually  diminishing  the  heating 
current  until  it  reached  nearly  room  temperature.  Steam  point 
readings  were  taken  from  time  to  time  and  the  values  of  the  funda- 
mental interval  computed.  It  should  be  noted  that  as  the  ther- 
mometers are  divided  only  in  degrees  and  half  degrees  the  readings 
recorded  in  the  tables  are  not  to  be  depended  upon  nearer  than 
about  o?03  or  o?o4.  For  this  same  reason  the  fundamental  inter- 
val determinations  are  of  only  small  value,  since  the  changes  which 
take  place  are  often  of  the  order  of  a  few  hundredths  of  a  degree. 

It  could  hardly  be  expected  that  a  series  of  independent  ice  point 
and  steam  point  determinations  as  long  as  the  present  one  should  not 
contain  some  errors.  From  the  very  nature  of  the  tests  no  check 
could  be  had  upon  observations  which  had  once  been  taken,  and 
there  appear  a  few  points  on  the  annealing  curves  which  indicate 
that  some  error  might  have  been  made.  In  general,  all  observ^a- 
tions  were  repeated  two  or  three  times  at  each  point,  but  some- 
times small  bubbles  of  gas  collect  within  the  bulb  of  a  thermometer 
which  has  been  heated  for  a  long  time  and  these,  if  overlooked, 
introduce  errors  which  no  number  of  readings  will  reveal.  In  the 
case  of  the  four  thermometers  made  with  large  upper  bulbs  it  was 
necessary  to  manipulate  the  mercur}"  back  into  the  lower  bulb  for 
each  observ^ation  of  the  ice  point,  and  it  was  difficult  to  tell  when 
the  last  trace  of  gas  had  been  worked  out  of  the  way. 

The  following  table  gives  the  observations  taken  on  one  set  of 
the  thermometers.  In  the  column  headed  "  Date  "  is  given  the  time 
of  the  corresponding  ice  point  or  steam  point  determination.  The 
column  marked  "Time"  gives  the  number  of  hours  or  days  during 
which  the  thermometers  had  been  heated  since  the  preceding  obser- 
vation. In  the  column  headed  ''Remarks"  are  given  briefly  the 
conditions  of  the  annealing,  such  as  temperature  of  the  oven,  etc. 
For  example,  under  series  i,  the  fifth  line  indicates  that,  after  heat- 
ing for  I  6  hour  (or  ten  minutes)  at  a  temperature  of  200°  the  ice 
point  of  thermometer  No.  3689  read  —9? 7 2  and  the  ice  point  of 
No.  3690  read  —9? 73,  observations  being  taken  on  October  24, 
1904.  Where  boiling  points  are  given  they  are  reduced  to  stand- 
ard conditions,  i.  e.,  what  the  readings  would  have  been  if  the  baro- 
metric pressure  had  been  normal,  making  the  temperature  of  the 
steam  100°. 
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TABLE   IV. 

Observations  Taken  on  Four  Jena  1 5"'  Glass  Thermometers  of  Series  I. 

Remarks 


Date 

3689 

3690 

3691 

3692 

Time 

1904 
Oct.    24 
24 

-  9.76 
90.03 

-  9.79 
99.82 

-  9.72 

-  9.66 

-  9.55 

-  9.72 
89.97 

-  9.75 
99.72 

-  9.73 

-  9.65 

-  9.51 

-  9.67 
90.03 

-  9.71 
99.74 

-  9.99 
89.78 

-  10.02 
99.80 

24 
24 
24 

1/6  hr... 
1/6  hr  . . . 
1/6  hr  ... 
2/3  hr  . . . 
19  hrs... 
1/6  hr... 
1/6  hr  . . . 
1/6  hr... 

Ihr 

5hrs.... 
1/4 hr  ... 

24 

24 

24 

-  10.00 

25 

-  9.52 

-  9.32 
Broke. 

-  9.53 

25 

25 

-  9.26 

-  5.03 

25 

25 

-  9.72 

-  8.55 

-  8.65 

26 

-     9.17 

26 

26 

99.72 

-  5.73 
94.10 

-  5.79 
99.89 

-  3.27 
96.69 
99.95 

-  3.26 

26 

-  8.57 
91.20 

-  8.58 
99.78 

-  5.72 
94.32 

100.05 

-  5.73 

-  9.14 
90.84 

-  9.16 
100.00 

-  6.58 
93.58 

100.15 

-  6.57 

-  4.68 

-  3.04 
97.18 

-  3.03 
100.21 

-  1.27 

-  .48 

-  .47 
.07 

20  hrs.. 
48  hrs . . . 
1/3  hr... 

27 

31 

31 

31 

22  hrs... 

Nov      1 

1 

1 

2 

24  hrs... 
23  hrs... 

3 

3 

3 

3 

4 

24  hrs... 
24  hrs . . . 
48  hrs . . . 
72  hrs... 
14  days  . 

5 

7 

-  3.26 

-     5.67 

10 

14 

-  3.23 

-     5.69 

14 

.38 

15 

-     .93 

21 

-3.35 
-  3.42 

.27 
.18 

Ihr 

Ihr 

22  1/2  hrs 
48  hrs... 
Ihr 

23  hrs . . . 

Ihr* 

Ihr 

Ihr 

35  days  . 

22 

23 

.77 

25 

-  3.35 

-  3.28 

.15 
.00 

25 

26 

25.1 

29 

-  3.17 

-  3.39 

-  3.16 

.11 

30 

Dec      5 

5 

-  5.64 

-  5.66 

1905 
Feb.     6 

24.97 

-  3.18 

.18 
8.46 
11.23 
11.31 
12.93 
111.47 
12.93 
(98.54)? 
13.18 

15 

21  hrs... 
21  hrs... 
2  min  . . . 
18  hrs... 

17 

Mar.  14 

15 

15 

15 

15 

18 

18 

-  3.17 

-     5.58 

May     1 
18 

13.48 
13.26 
13.38 

1/2  hr  . . . 

Aug.  22 

Zeros  before  heating. 

Boiling  point  after  10  min. 

Zeros  after  boiling  point. 

Fundamental  intervals. 

At200«=. 

At  250°. 

At  300°. 

At  100°. 

At  room  temperatures. 

At  325°. 

At  350°  (3689  repaired) . 

At450°Hg.  boiled  (?). 

At  250°. 

At  320°. 

At  from  300°  to  400°. 

Fundamental  interval. 

At  room  temperature. 

Boiling  point  after  rest. 

After  boiling  point. 

Fundamental  interval. 

At  from  335°  to  350°. 

Boiling  point. 

Fundamental  interval. 

After  boiling  for  F.  I. 

At  from  340°  to  360°. 

At  from  350°  to  360°. 

Boiling  point. 

After  boiling  point. 

Fundamental  interval. 

At  360°. 

At  360°. 

At  room  temperature. 

At  340°. 

At  room  temperature. 

Slowly  cooled  36  h .    Heated  to  300° ,  5  min . 

First  observation  since  repairing. 

At  254°. 

At  295°. 

At  297°. 

At  room  temperature. 

At  340°. 

At  445°  and  slowly  cooled. 

At  320°. 

At  367°. 

At  375°  on  Dec.  1. 

At  room  temperature. 

At  rest  since  last  recorded  observations. 

At  450°. 

At  450°. 

At  500°. 

At  435°. 

Boiling  point. 

After  boiling  point. 

Fundamental  interval. 

Continuous  use  up  to  400°. 

At  rest  since  last  recorded  observations. 

In  general  use. 

At  360°. 

In  general  use  since  May  24. 
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The  accompanying  curves  (Figs.  3,  4,  5,  6,  7)  give  in  graphic 
form  the  results  of  practically  all  the  observations  made  on  the  ice 
points  of  the  seventeen  thermometers  included  in  the  experiments. 
The  variations  which  take  place  during  the  first  few  hours  are  very 
much  larger  and  more  rapid  than  any  which  follow,  unless  the  tem- 
perature be  later  increased.  In  order  to  show  more  clearly  these 
early  changes  the  first  few  hours  are  plotted  on  a  much  more  open 
scale,  so  that  Figs.  4  and  7  cover  ten  times  the  length  of  time  of 
Fig.  3  and  Fig.  6,  respectively,  and  Fig.  5  covers  five  times  the 
number  of  hours  on  Fig.  4  or  fifty  times  the  number  on  Fig.  3. 
For  example,  if  the  curves  representing  all  the  experiments  in  series 
No.  I  were  plotted  on  the  same  scale  as  Fig.  3,  their  length  would 
be  about  25  meters.  The  ice-point  readings  are  represented  as  ordi- 
nates  and  the  number  of  hours  annealing  previous  to  the  ice-point 
determination  as  abscissas.  Since  the  position  of  the  ice  point  is  a 
complex  function  not  only  of  the  time,  but  also  of  the  temperature, 
of  annealing,  and  since  it  was  desired  to  learn  as  much  as  possible 
of  the  nature  of  this  complex  function  the  temperatures  were  not  in 
general  maintained  constant.  The  temperature  of  the  annealing 
oven  is  therefore  entered  on  each  section  of  the  curves,  representing 
what  should  properly  be  a  third  dimension.  For  an  example  of  the 
meaning  of  the  curves  it  may  be  noted  that  the  curve  marked 
"G.  4281/'  beginning  with  Fig.  3  of  series  No.  i,  should  be  inter- 
preted as  follows  :  Thermometer  No.  4281  at  the  beginning  of  the 
experiments  had  a  reading  of  —  o?i  observed  in  melting  ice  ;  after 
heating  for  about  20  minutes  at  100°  (or  in  steam)  the  observed 
reading  in  ice  was  —  0^14;  then  after  2  hours  20  minutes  heating 
at  a  temperature  of  380°  the  ice  point  was  4^58  ;  after  i  hour  40 
minutes  the  ice  point  was  5?. 24,  and  so  on.  In  Fig.  6  of  series 
No.  2  the  curve  marked  "  T.55336  "  indicates  that  during  a  heating 
of  about  53  hours  at  a  temperature  of  528°  the  position  of  the  ice  point 
had  fallen  from  9?o  to?  — 34?o.  This  marked  lowering  of  the  ice- 
point  reading  is  due  to  actual  enlargement  of  the  bulb  of  the  ther- 
mometer from  internal  pressure  and  softening  of  the  glass  ;  hence, 
this  temperature  is  too  high  to  measure  with  this  instrument. 
Series  No.  i  gives  the  results  of  experiments  on  thermometers  of 
Jena  16"^  glass  and  series  No.  2  on  those  of  Jena  59"^  glass. 
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The  results  of  the  present  experiments  have  been  put  in  graphic 
form  with  the  belief  that  in  that  way  they  could  be  most  readily 
studied.  The  conclusions  stated  hereafter  are  founded  on  the  results 
of  previous  investigations  as  well  as  those  embodied  in  accompany- 
ing tables  and  curves,  the  examination  of  which  leads  to  answers  to 
some  of  the  questions  previously  suggested. 

ia)  A  newly  filled  thermometer  which  has  not  been  subjected  to 
heat,  when  first  subjected  to  temperatures  higher  than  that  of  the 
room  will  show  a  change  of  its  ice  point  which  may  be  in  either 
direction  and  of  varying  magnitudes,  depending  upon  the  tempera- 
ture, the  nature  of  the  glass,  the  length  of  time  heated,  and  the  pre- 
vious treatment.  If  the  temperature  be  not  more  than  ioo°  or  150° 
and  the  heating  continue  only  for  some  minutes  the  ice  point  read- 
ing will  be  lowered  by  a  small  amount  (e.  g.,  o?i  or  o?2  for  Jena 
"  normal "  glass).  If  the  temperature  be  higher  than  about  150° 
for  Jena  "  normal  "  glass  or  400°  for  the  borosilicate  glass,  or  in  any 
case  if  the  time  be  long  enough,  the  ice  point  reading  will  rise. 
This  rise  will  be  much  more  rapid  at  higher  temperatures,  the 
changes  during  the  first  hour  being  roughly  as  follows  : 

TABLE  V. 

Rise  of  the  Ice  Point  during  First  Hour's  Heating  at  Different  Temperatures. 


Jena  i6^ 

"  Glass 

Jena  59"""  Glass 

Temperature 

Ice  Point  Rise 

Temperature 

Ice  Point  Rise 

200° 

0?1 

300° 

— o?l  (drop) 

300° 

0?3 

400° 

— 0?1  (drop) 

350° 

0?7 

450° 

+0?7 

400° 

2?5 

450° 

8?0 

550°  shows  a  decided  drop. 

Thus  the  change  of  ice  point  during  the  first  hour's  heating  of  a 
Jena  i6"^  glass  thermometer  at  450°  is  of  the  order  of  ten  times 
that  for  the  same  time  at  350°.  About  the  same  proportion  would 
probably  apply  for  59"^  glass  between  425°  and  525°.  In  the 
present  series  of  experiments  all  the  thermometers  of  this  glass 
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showed  a  decided  lowering  of  the  ice  point  when  heated  much  above 
500°.  Results  obtained  from  the  instruments  after  this  lowering 
had  taken  place,  due  to  internal  pressure  and  softening  of  the  glass, 
would  obviously  be  uncertain. 

The  observations  indicate  that  a  certain  amount  of  annealing  took 
place  at  the  same  time  that  the  bulbs  were  being  enlarged  by  over- 
heating, since  the  subsequent  heatings  changed  the  ice  point  less 
than  if  the  thermometers  had  not  been  overheated.  This  effect  may 
be  seen  by  comparing  the  curves  for  T.  55333  and  T.  55334  in 
series  2.  The  former  had  its  ice  point  depressed  by  2  2?5  and  in 
the  course  of  500  hours  heating  afterwards  the  ice  point  rose  by  about 
10°,  while  the  latter,  which  did  not  suffer  such  a  lowering,  shows  a 
rise  of  about  15°  in  the  same  length  of  time  and  under  less  severe 
conditions  of  heating. 

{p)  The  change  of  ice  point  is  much  more  rapid  during  the  first 
few  hours,  and  becomes  slower  as  time  goes  on;  but  apparently  the 
time  required  to  reach  a  limiting  position  is  very  long.  Some  of 
the  thermometers  have  been  observed  after  heating  for  a  total  of 
over  1,900  hours  (80  days),  and  still  show  slow  changes.  The  rates 
at  which  ice  points  change  are  shown  approximately  by  the  follow- 
ing table : 

TABLE  VI. 


Rise  per  Hour  of  the  Ice  Point  aft^r  Different  Lengths  of  Time  at  Various  Temperatures. 


Jena  i6'"  Glass 

Jena  59"^  Glass 

Temperature 

Time 

Rise  per  Hour 

Temperature 

Time 

Rise  per  Hour 

350° 

50  hours 

0?1 

400° 

50  hours 

0?02 

400° 

50  " 

.07 

450° 

50   " 

.02 

450° 

50  " 

.05 

500° 

50   '' 

(  -02) 

350° 

200   " 

.01 

400° 

200   '' 

No  data 

400° 

200   " 

.006 

450° 

200   " 

.01 

450° 

200  '' 

.003 

500° 

200   " 

.008 

500° 

500   " 

.00? 

This  table  shows  that  the  change  of  the  ice  point  is  ver}^  slow 
after  200  hours'  annealing,  and  for  59  "^  glass  is  almost  inappreciable 
after  500  hours'  heating  at  500°. 
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(c)  For  temperatures  a  few  degrees  lower  than  that  at  which  the 
annealing  has  taken  place  the  changes  are  very  small  even  after  one 
hundred  hours,  but  if  the  thermometer  has  been  quickly  cooled  it 
wall  show  a  sudden  small  rise  of  the  ice  point  on  heating  up  to  a  tem- 
perature a  little  lower  than  that  from  which  it  was  cooled.  This  effect 
is  small  but  has  been  repeatedly  observed  even  after  a  long  time  has 
elapsed.  These  observations  after  long  rest  indicate  that  the  strains 
remaining  after  rapid  cooling  from,  say,  400°  or  500°  do  not  disappear 
to  any  large  extent  at  room  temperature.  For  this  reason  it  is  best  that 
a  thermometer  should  be  slowly  cooled  after  annealing.  If  cooled 
slowly  the  glass  has  time  to  take  up  its  equilibrium  condition  at  each 
stage  of  the  temperature  drop.  For  example,  when  a  sample  of  glass 
has  been  kept  for  a  long  time  at  450°  it  will  be  nearly  free  from 
strains  at  this  temperature,  but  on  cooling  strains  are  introduced. 
If  quickly  cooled  to  room  temperature  these  strains  will  persist  for 
a  very  long  time,  perhaps  for  years,  but  the  strains  left  from  heating 
at  450°  will  nearly  all  disappear  at  430°  in  a  few  hours,  and  again 
the  strains  left  from  heating  to  430°  will  soon  disappear  at  400°,  and 
so  on.  At  25°  the  strains  due  to  cooling  from  a  temperature  of  100° 
will  be  inappreciable  after  a  few  days.  Thus  it  is  possible  to  have 
the  glass  of  a  thermometer  almost  entirely  free  from  strains  at  a 
temperature  of  25°  by  this  process,  whereas  if  cooled  rapidly  this 
condition  would  not  be  reached  in  a  very  long  time,  perhaps  not  in 
years. 

{d)  If  a  number  of  similar  unannealed  thermometers  originally 
reading  alike  at  the  ice  point  be  subjected  to  different  short  periods 
of  heating  the  ice-point  readings  will  be  very  different.  And  if  now 
these  thermometers  be  put  together  in  an  annealing  oven  at  a  tem- 
perature higher  than  that  to  which  they  have  been  previously  sub- 
jected, a  few  hours  will  suffice  to  make  them  all  read  nearly  alike. 
Hence  it  seems  that  short  periods  of  annealing  at  lower  temperatures 
have  no  marked  effect  on  the  total  time  subsequently  required  to 
satisfactorily  anneal  a  thermometer  at  a  higher  temperature;  e.  g.,  it 
would  take  as  long  at  400°  to  bring  the  ice-point  reading  up  to  +25°, 
whether  starting  with  a  thermometer  which  had  previously  had  its 
ice  point  raised  to  15°  or  with  one  not  previously  heated,  provided 
both  read  0°  in  ice  when  newly  made.  Thermometers  G.  4279  and 
G.  4292  or  G.  4281  and  G.  4291  (see  Fig.  3),  though  they  differed 
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by  more  than  4°  at  the  start,  came  to  the  same  ice-point  reading 
after  the  first  few  hours'  heating.  The  difference  in  the  initial  posi- 
tions of  the  ice  points  is  presumably  due  to  the  treatment  by  the 
maker  in  pointing  G.  4291  and  G.  4292  at  the  higher  parts  of  the 
scale;  G.  4279  and  G.  4281  not  being  pointed  above  100°  were  not 
thus  affected.  The  same  effect  may  be  seen  by  comparing  G.  3692 
with  G.  4279  and  G.  4281.  Though  the  first  was  annealed  for  many 
hours  at  a  lower  temperature,  the  time  required  to  reach  a  given  rate 
of  rise  at  445°  was  almost  identical  in  all  three  cases.  The  previous 
history  and  original  ice  point  of  G.  3692  are  not  known,  but  it  had 
probably  not  been  heated  above  445°.  It  seems  to  make  little  differ- 
ence in  the  final  results  whether  annealing  takes  place  with  con- 
tinuous heating  or  in  short  periods  of  the  same  total  length. 

{e)  As  previously  noted  Schott  has  shown  that  total  disappearance 
of  the  residual  strains  is  possible  at  from  400°  to  410°  for  Jena  16^^^ 
glass  and  430°  to  440°  for  Jena  59"^  glass.  The  results  of  the 
present  investigation  seem  in  general  to  confirm  this  conclusion. 
Thermometers  G.  4281,  G.  4282,  and  G.  4291  after  long  annealing 
at  about  410°  seem  to  have  reached  the  same  condition  as  G.  4279 
and  G.  4292,  which  have  been  annealed  at  about  450°.  From  the 
observations  on  thermometers  annealed  at  from  300°  to  350°  it 
appears  that  the  time  required  at  these  temperatures  to  reach  com- 
plete annealing  or  freedom  from  strains,  which  apparently  would 
mean  a  rise  of  the  ice  point  of  about  30°,  is  excessively  long  if  such 
a  condition  would  ever  be  attained.  There  are  no  conclusive  exam- 
ples in  the  case  of  the  Jena  59  ^"  glass.  In  this  case  if  the  ther- 
mometers are  to  be  used  up  to  500°  it  would  probably  be  better  to 
make  the  annealing  temperature  higher  to  save  time,  though  a  long 
enough  period  at  450°  might  accomplish  the  same  result.  In 
respect  to  length  of  time  required,  the  present  observations  do  not 
appear  to  agree  with  Schott's  conclusions  reached  by  his  optical 
method.  The  time  required  to  attain  anything  like  constancy  of 
the  ice  point  has  been  found  much  longer  than  the  four  days  which 
he  found  sufficient  to  relieve  practically  all  the  strains  he  could 
observe.  It  is  possible  that  the  residual  strains  which  he  observed, 
and  which  are  referred  to  in  the  earlier  part  of  this  paper,  were  of 
greater  importance  than  appeared,  but  it  is  not  clear  that  one  is 
justified  in  assuming  that  all  the  strains  which  give  rise  to  changes 
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in  the  volume  of  glass  as  indicated  by  changes  of  the  ice  point  are  of 
such  a  nature  that  they  can  affect  its  optical  properties  as  observed 
with  polarized  light. 

(y)  When  a  thermometer  has  been  annealed  for  a  short  time  at 
some  high  temperature,  as,  say,  450°,  and  is  then  kept  at  some  lower 
temperature,  the  rate  of  rise  of  the  ice  point  is  much  slower  on 
account  of  this  heating.  Thus,  a  relatively  short  annealing  renders 
the  ice  point  much  more  stable  for  lower  temperatures.  This  fact 
may  be  explained  thus :  For  example,  the  total  rise  of  the  ice  poiut 
during  fifty  hours'  heating  at  400°  is  15°  and  the  rate  of  rise  after 
such  heating  is  0.05°  per  hour.  Then  if  the  thermometer  were 
annealed  at  450°  (instead  of  400°)  for  about  seven  hours  the  total 
rise  of  the  ice  point  would  be  about  the  same  (15°)  and  the  rate  of 
rise  at  400°  after  this  treatment  would  probably  be  about  the  same 
as  if  the  annealing  had  been  done  at  400°,  and  had  continued  for 
fifty  hours.  In  other  words,  the  rate  of  change  per  hour  at  a  given 
temperature,  as  400°,  will  be  nearly  the  same  for  thermometers  of 
a  given  kind  of  glass  when  the  ice  point  has  been  raised  to  any 
given  extent,  as,  say,  15°,  independently  of  whether  that  rise  of  the 
ice  point  has  been  produced  by  heating  for  a  short  time  at  a  high 
temperature  or  for  a  lojiger  time  at  a  lower  temperature.  Thus  if  a 
thermometer  is  not  to  be  used  at  the  highest  temperatures  the  time 
of  annealing  may  be  diminished  or  the  temperature  of  annealing 
may  be  lower. 

(^)  The  steam  point  and  fundamental  interval  have  been  deter- 
mined several  times  for  each  thermometer,  but  owing  to  the  fact 
that  the  instruments  are  only  divided  to  degrees  or  half  degrees 
these  determinations  can  not  be  relied  upon  to  much  better  than  o?i. 
It  has  been  observed  that  there  is  an  increase  of  the  fundamental 
interval  accompanying  each  rise  of  the  ice  point.  The  ratio  of  these 
two  changes  determined  from  the  mean  of  all  the  observations  taken 
on  the  1 1  Jena  glass  thermometers  is  0.035,  ^^  ^^^  fundamental  inter- 
val increases  by  thirty-five  thousandths  (about  one-thirtieth)  of  the 
change  in  the  position  of  the  ice  point.  This  conclusion  is  in 
accordance  with  previous  observations.  The  variation  of  the  funda- 
mental mterval  is  of  importance  in  the  case  of  thermometers  which 
show  large  changes  of  the  ice  point.  Take,  for  example,  a  ther- 
mometer which  shows  a  change  of  the  ice  point  amounting  to,  say, 
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6°.  The  change  in  the  fundamental  interval  will  be  about  o?2- 
Since  this  is  the  additional  correction  to  be  applied  at  ioo°  and 
must  be  added  again  for  each  ioo°,  the  correction  at  450°  will 
amount  to  o?9  (if  the  ice  point  reading  is  +6°,  the  reading  at  450° 
will  be  456? 9),  a  quantity  which  can  by  no  means  be  neglected.  It 
is  therefore  necessary  to  determine  this  correction  whenever  the  ice 
point  has  shown  a  serious  change.  The  method  of  slow  cooling 
described  above  renders  both  the  ice  point  and  particularly  the  fun- 
damental interval  more  stable,  as  previously  mentioned. 

{h)  The  use  of  some  softer  glass  for  the  stems  of  thermometers  in 
connection  with  bulbs  of  Jena  16"^  glass  is  common  in  this  country. 
To  determine  whether  this  practice  introduces  any  important  uncer- 
tainties in  the  use  of  such  thermometers  some  of  the  experimental 
instruments  were  made  up  with  stems  of  softer  glass,  as  previously 
described.  As  changes  of  the  ice  point  are  due  only  to  changes 
which  take  place  in  the  volume  of  the  bulb  this  practice  could  affect 
only  the  variations  in  fundamental  interval  or  in  calibration  correc- 
tions. The  latter  changes  are  too  small  to  be  determined,  and  so 
far  as  can  be  observed  with  the  experimental  thermometers  divided 
only  to  half  degrees  there  is  no  difference  between  the  changes  of 
fundamental  interval  in  the  two  cases.  There  is,  however,  a  decided 
disadvantage  in  the  use  of  the  softer  glass  at  very  high  temperatures. 
Above  about  420°  the  glass  of  the  stem  becomes  soft  enough  to 
bend.  Whether  this  bending  is  due  to  the  weight  of  the  stem  or  to 
unequal  contraction  has  not  been  definitely  determined.  Below  420° 
stems  of  the  softer  glass  may  be  used  with  the  advantage  of  being 
less  liable  to  crack  from  sudden  changes  of  temperature. 

{{)  The  effect  of  internal  pressure  on  the  rise  of  the  ice  point  is 
shown  by  comparison  of  curves  for  (Series  I)  thermometers  G.  4279 
and  G.  4292,  or  the  curves  for  G.  4281  and  G.  4291;  4279  and  4281 
being  filled  free  from  pressure  and  having  large  bulbs  at  the  top  to 
contain  the  mercury  during  the  process  of  annealing.  These  results 
indicate  that  if  the  annealing  temperature  is  lower  than  about  390° 
no  difference  is  noticeable  between  the  thermometers  filled  under 
pressure  and  those  free  from  air.  If  the  annealing  temperature  be 
raised  to  410°  or  higher,  the  equality  no  longer  holds  true,  but  the 
thermometers  filled  under  pressure  read  consistently  lower.  This 
may  be  due  to  the  fact  that  the  glass  is  actually  softened  to  such  an 
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extent  that  the  internal  pressure  can  have  a  slight  effect  in  enlarg- 
ing the  bulb.  According  to  Schott,  Jena  16"^  glass  begins  to  show 
softening  at  about  this  point. 

The  results  here  obtained  would  indicate  that  in  the  case  of  Jena 
16^^^  glass  there  should  be  a  small  depression  of  the  ice  point  if  a 
thermometer  previously  annealed  free  from  pressure  should  be  filled 
under  pressure  and  further  annealed.  No  data  are  at  hand  to  show 
whether  a  depression  actually  would  take  place.  At  all  temperatures 
between  400°  and  450°  this  glass  is  apparently  in  a  condition  which 
is  plastic  as  regards  forces  such  as  the  internal  stresses  of  the  glass, 
but  which  is  in  no  sense  plastic  as  regards  forces  such  as  internal 
pressure.  The  internal  strains  practically  disappear  at  these  tem- 
peratures, while  internal  pressure  produces  no  continuous  eifect 
which  indicates  plasticity,  as  it  does,  for  instance,  in  the  case  of  the 
Jena  59^"  glass  thermometers,  which  showed  a  continuous  increase 
in  the  volume  of  the  bulb  as  long  as  they  were  kept  at  a  temperature 
of  520°  or  more.  Whatever  the  effect  of  internal  pressure  may  be 
in  thermometers  of  Jena  16"^  glass  below  450°  it  is  not  large,  and 
the  observations  indicate  that  it  is  possible  to  get  good  results  b)^ 
annealing  a  thermometer  completely  before  it  is  filled  with  mercury. 
The  subsequent  changes  will  not  cause  serious  trouble. 

Two  of  the  experimental  thermometers  were  opened  after  the  tests 
in  such  a  way  as  to  determine  their  internal  pressure  at  different 
points  of  the  scale.     Table  VII  gives  the  results. 

From  this  table  it  appears  that  the  pressure  in  G.  4290  was 
insufficient  to  prevent  boiling  of  the  mercury  at  450°  as  had  been 
found.  The  vapor  pressure  of  mercury  is  a  trifle  over  2  atmos- 
pheres at  400°  and  a  trifle  under  4.5  atmospheres  at  450°. 

In  addition  to  the  data  given  above,  some  results  have  been 
obtained  through  the  kindness  of  Mr.  L.  Baudin  of  Paris,  and  the 
Taylor  Brothers  Company  of  Rochester,  N.  Y.  In  two  letters  ]\Ir. 
Baudin  reports  the  change  of  ice  point  which  took  place  during  his 
annealing  of  a  total  of  twelve  thermometers  made  for  the  Bureau  of 
Standards  from  French  hard  glass  (Verre  dur).  These  thermometers 
are  in  four  sets  and  the  annealing  temperature  was  about  445°  or 
the  temperature  of  sulphur  vapor.  The  first  four  were  heated  for 
72  hours  showing  a  rise  of  the  ice  point  of  from  20?o  to  20? 7,  the 
next  two  were  heated  for  144  hours  with  a  rise  of  22? 2  and  22? 7, 
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Internal  Pressure  in  Two  of  the  Experimental  Thermometers. 
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Thermometer  G.  4290 

Thermometer  T.  55337 

Point  on  Scale 

Pressure  in  Atmos- 
pheres 

Pomt  on  Scale 

Pressure  in  Atmos- 
pheres 

200°C 
300° 
400° 
470° 

1.1 
1.3 
1.6 
1.9 

200°C 

300° 

400° 

500° 

550° 

4.2 
5.4 
7.7 

13 

21 

the  next  four  for  72  hours  with  a  rise  of  from  i8?i  to  i9?5  and 
the  last  two  for  144  hours  with  a  rise  of  21? 5  and  2  2?o.  These 
results  show  a  considerably  smaller  annealing  effect  than  found  for 
Jena  16"^  glass  in  the  present  series  of  experiments.  The  Taylor 
Brothers  Company  report  that  six  59^^^  glass  thermometers  similar 
to  the  ones  used  in  the  present  tests  showed  a  rise  of  ice  point 
amounting  to  59°  F.  (or  33°  C)  after  heating  for  a  total  of  72 
hours  in  6-hour  periods  at  a  temperature  of  about  950°  F.  (510°  C). 

Owing  to  the  fact  that  the  Jena  59*^^  glass  thermometers  showed 
an  enlargement  of  the  bulb  at  temperatures  somewhat  lower  than 
was  expected,  a  careful  analysis  of  the  glass  from  one  of  them  was 
made  by  Mr.  J.  R.  Cain,  of  the  chemical  division  of  the  Bureau  of 
Standards,  with  the  following  results.  For  the  sake  of  comparison 
the  values  found  by  Schott  &  Genossen  for  59'^^  glass  are  given 
in  another  column. 

The  presence  of  a  smaller  percentage  of  B^Og  in  the  present 
sample  may  account  for  its  lower  softening  temperature,  and  the 
presence  of  both  Nsifi  and  K^O  would  indicate  that  the  depression 
constant  is  larger  in  the  present  case,  but  this  could  not  be  deter- 
mined with  thermometers  graduated  only  in  single  degrees.  The 
American  manufacturers  of  these  thermometers  have  given  us  their 
assurance  that  the  glass  used  was  sent  to  them  direct  from  the  firm  of 
Schott  &  Genossen  as  borosilicate  glass.  Thus  the  above  analysis 
is  probably  representative  of  the  product  which  can  be  obtained  by 
American  makers. 
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TABLE  VIII. 

Chemical  Analysis  of  Samples  of  Jena  59^^^  Glass. 
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B.  S.  (Cain) 

S.  &  G. 

SiO. 

72.30  per  cent 

71.95  percent 

AI.O3 

6.14    "      " 

5.00    "      " 

Na.O 

9.51     "      " 

11.00    "      " 

K,0 

1.32     "      " 

B.O3 

10.10    "      " 

12.00    "      " 

Mn^Oa 

0.03     "      " 

.05     "      " 

99.40 

100.00     ''      " 

7.  Important  Precautions. 

In  the  foregoing  pages,  questions  suggested  have  been  discussed 
and  conclusions  have  been  drawn  from  the  results  of  the  present 
investigation.  It  is,  however,  deemed  worth  while  to  summarize 
briefly  here  the  points  of  more  immediate  and  practical  importance. 

(/)  Jena  5P^*^  borosilicate  is  the  best  ther7no7netic  glass  in  use^ 
particularly  for  high  te7nper attires^  but  it  can  not  safely  be  used  at 
Tnuch  above  ^00°  ^  when  its  composition  is  that  of  the  above  sa7nple. 

{2)  Je7ia  16^^^ glass  ca7t  be  used  up  to  4^0°  or  somewhat  higher 
with  good  results  and  for  temperatures  lower  tha7i  420^  a  softer  glass 
may  be  used  for  the  ther7no7neter  stem. 

(j)  Every  therTnometer^  particularly  if  i7ite7ided  for  use  above 
100° ^  should  u7idergo  a  suitable  system-  of  a7t7ieali7ig  or  artificial 
agi7ig  before  it  is  tcsed.  The  a7i7ieali7tg  ca7i  be  do7ie  before  the  the7^- 
i7i077ieter  is  filled.  Thorough  a7i7ieali7ig  requires  fr 0771  four  to  te7i 
days  at  about  4^0^ ^  accordi7ig  to  the  te7nperature  at  which  the  ther- 
mometer is  to  be  used^  a7id  the  annealing  77iay  well  be  followed 
by  a  period  of  slow  cooli7ig  for  fro77i  three  to  six  days.  {The  latter 
is^  however^  less  i7nporta7it,)  The  total  cha7ige  of  the  ice poi7tt  for 
this  process  of  a7i7teali7ig  will  be  aboiU  jo^  for  Jena  16^^^  glass  a7id 
fro77i  20°  to  jo°  for  Je7ia  ^g^^^  glass. 

{4)  The  ice  point  of  a  ther77Z07neter  will  cha7ige  with  use  at  higher 
te7nperatures  and  must  be  deter7ni7ied  occasio7ially  if  accurate  results 
are  to  be  had.     If  the  ther77i077ieter  has  7tot  bee7i  a7i7iealed  at  te77i- 
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peratures  above  400^  for  16^^^  glass  or  4J0°  7^^  5P  "\  the  changes 
will  be  large  if  it  is  heated  above  the  temperature  at  which  it  has 
been  annealed.  If  changes  have  taken  place  in  the  ice-point  reading.^ 
the  fundamental  interval  has  probably  changed  by  about  j  per  cent 
of  this  am,ount  and  the  resulting  error  at  joo°  may  be  as  much  as 
one-ffth  of  the  change  of  the  ice  point.      [See  (g)  section  6.~\ 

(5)    To  prevent  boiling  of  the  mercury  in  a  thermo7neter  the  space 
above  it  should  be  filled  with  some  dry^  inert  gas^  such  as  nitrogen 
or  carbon  dioxide^  having  a  pressure  of  one  atmosphere  at  joo^ ^  of 
four  and  one-half  atmospheres  at  4^0°  ^  and  of  twenty  atmospheres 
at  sso"". 

{6)  Care  must  be  exercised  that  a  thermometer  is  not  overheated. 
If  a  long  portion  of  the  stem  is  cold  the  stem  correction  may  a^nount 
to  jo°  or  40°^  and  in  this  case  the  reading  might  be  joo°  ivhen  the 
teinperature  of  the  bulb  was  ^40°  and  after  a  few  minutes  at  that 
temperature  the  ice poiiit  might  be  20°  too  low. 

8.  SUGGESTIONS. 

The  annealing  oven,  represented  in  Fig.  2,  could  be  readily 
enlarged  and  adapted  for  use  for  annealing  a  large  number  of  ther- 
mometers at  a  time.  With  the  present  small  oven  used  on  the 
ordinary  incandescent  lighting  circuit  the  cost  of  annealing  ther- 
mometers for  six  days  and  cooling  for  three  days  slowly  should  not 
exceed  50  cents  each.  This  is  a  small  expense  since  it  represents 
the  difference  between  a  reliable  instrument  which  will  remain  nearly 
constant  and  one  which  will  show  a  change  of  several  degrees  after 
each  heating.  With  a  larger  oven  the  cost  for  each  instrument 
could  be  cut  down  at  least  half  of  the  amount  mentioned.  Fig. 
8  represents  diagram matically  a  regulating  rheostat  which  could  be 
operated  automatically  by  means  of  a  clock,  or  by  hand,  for  gradu- 
ally cooling  off  the  oven.  It  is  intended  that  the  resistance  of  the 
coil  between  each  pair  of  sections  shall  be  so  adjusted,  by  observing 
the  resistance  necessary  to  maintain,  say,  three  given  temperatures, 
that  when  the  contact  arm  is  set  on  any  given  section  the  tempera- 
ture of  the  oven  will  remain  at  the  point  indicated  by  the  number 
on  that  section.  The  slow  cooling  is  not  of  great  importance  for 
thermometers  which  are  not  intended  to  be  read  closer  than  one 
degree  or  so,  but  a  regulating  rheostat  would  still  be  useful  in  set- 
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ting  the  temperature  to  the  point  desired.  A  similar  oven  could  be 
designed  for  heating  with  gas  and  the  cost  might  be  slightly  less 
than  for  an  electrically  heated  oven,  but  the  ease  and  certainty  with 
which  electric  heating  may  be  regulated  and  its  constancy  make  it 
far  more  satisfactory. 

Since  one  of  the  great  advantages  of  mercurial  thermometers  is 
the  direct  reading  scale,  it  is  important  that  the  corrections  should 
be  made  as  small  as  practicable.  For  this  purpose  the  variations  of 
the  temperature  scale  defined  by  the  different  kinds  of  glass  from 

the  standard  gas  scale 
can  advantageously  be 
allowed  for  by  the  mak- 
er. These  differences 
are  given  for  two  kinds 
of  glass,  Jena  59"^  and 
Jena  16"',  in  Tables  I 
and  II  of  this  paper. 
One  method  of  making 
a  thermometer  scale 
which  shall  read  very 
nearly  gas  scale  temper- 
atures at  all  points  is 
as  follows:  Divide  the 
stem  throughout  its  en- 
tire length  by  means  of 
an  auxiliary  scale  into 
divisions  corresponding 
to  one  one-hundredth  of  the  volume  of  the  fundamental  interval. 
Then  if  the  thermometer  be  of  Jena  59"^  glass,  for  instance,  the 
point  527.8  on  the  auxiliary  scale  is  to  be  marked  500°  on  the 
thermometer;  the  point  469.1  is  to  be  marked  450°,  and  so  on, 
according  to  the  table  for  this  kind  of  glass.  If  each  of  these 
intervals  be  divided  into  50  equal  parts,  the  greatest  error  on  the 
scale  due  to  this  method  of  adjusting  will  be  only  o?5.  If  the 
points  were  taken  every  25°,  the  error  would  be  much  smaller. 

If  it  is  desired  that  thermometers  should  read  true  temperatures 
when  immersed  to  a  given  point,  with  the  emergent  stem  at  a  tem- 
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perature  different  from  that  of  the  bulb,  the  amount  of  this  stem 
correction  may  be  computed  approximately  by  means  of  the  follow- 
ing formula: 

Stem  correction  =  0.0001 6  X  ?2  X  (7"  -  /)  C°. 
Stem  correction  =  0.000088 xnx{T -  t)  F°. 

Where  ;?/  =  number  of  degrees  emergent  from  the  bath; 
7"=  temperature  of  the  bath; 
/'  =  mean  temperature  of  the  emergent  stem. 

The  mean  temperature,  t^  of  the  emergent  column  may  be  approx- 
imately measured  by  means  of  a  small  auxiliary  thermometer  sus- 
pended near  it,  or  for  lower  temperatures  by  surrounding  the  stem 
with  a  small  water  jacket,  and  taking  the  temperature  of  the  water 
with  the  auxiliary  thermometer,  or,  more  accurately,  in  the  way 
suggested  by  Guillaume,  who  exposes  a  capillary  mercury  thread 
beside  the  stem  and  thus  measures  its  mean  temperature  by  the 
expansion  of  the  mercury  thread.  This  is  even  more  conveniently 
carried  out  by  the  Faden  thermometer  of  Mahlke,^*  in  which  the 
expansion  of  the  mercury  in  the  long  capillary  (bulb)  is  measured 
by  means  of  a  still  finer  capillary  stem.  The  corrections  thus 
obtained  can  be  combined  with  Tables  I  or  II  and  a  thermometer 
made  to  read  nearly  true  gas  scale  temperatures  under  a  given  con- 
dition of  immersion.  For  example,  if  the  stem  of  a  Jena  59"^  glass 
thermometer  be  immersed  to  the  100°  mark,  at  400°  the  correction 
due  to  the  emergent  stem  (assuming  50°  for  its  mean  temperature) 
will  be  300  X  350  X  .00016  or  i6?8.  At  400°,  according  to  Table  I, 
this  thermometer  if  divided  into  degrees  of  equal  volume  would 
read  41 2?  3,  but  owing  to  the  cooler  stem  it  will  read  lower  than 
this  by  16.8  gas-scale  degrees  or  18? 6  on  the  glass  scale. ^^  The  read- 
ing at  400°  would  therefore  be  393.7  and  this  point  is  to  be  marked 
400°.     Other  points  can  be  determined  in  the  same  way. 

^^Mahlke,  Zs.  fiir  Instrumentenkunde,  13,  p.  58;  1893. 

^^  The  stem  correction  computed  in  this  way  is  expressed  in  gas-scale  degrees  and 
should  strictly  be  reduced  to  degrees  on  the  glass  scale  before  using  it,  as  above.  In 
the  present  example  the  interval  350°  to  450°  on  the  gas  scale  comprises  469. 1-358.  i 
or  III  glass-scale  degrees,  hence  one  gas-scale  degree  equals  i.ii  glass-scale  degrees 
and  i6?8  on  the  gas  scale  equals  i8?6  on  the  glass  scale.  The  errors  of  an  assumed 
stem  correction  are  so  large,  however,  that  reducing  to  glass-scale  degrees  might 
often  be  omitted. 
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Thermometers  after  repeated  heating  and  cooling  even  at  mod- 
erate temperatures  as  in  ordinary  use  show  a  decided  depression  of 
the  ice  point  not  corresponding  to  any  of  the  effects  discussed  above. 
No  reliable  data  have  yet  been  obtained  on  this  point,  but  it  is  hoped 
that  an  investigation  may  be  made  and  an  explanation  found  for 
this  apparently  anomolous  change  in  glass. 

In  conclusion  the  author  wishes  to  acknowledge  his  obligation  to 
Dr.  C.  W.  Waidner,  who  proposed  the  present  investigation,  and  to 
Dr.  G.  K.  Burgess,  both  of  whom  have  made  many  valuable  sugges- 
tions, and  to  Mr,  J.  R.  Cain,  of  the  chemical  division,  for  a  careful 
analysis  of  glass  from  one  of  the  experimental  thermometers. 
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